Cuticular wax layer is the first barrier against the outside environment and the first defense encountered by herbivores and pathogens. The effects of environmental factors on cuticular chemistry, and on the formation of glandular trichomes that account for the storage and secretion of lipophilic compounds to the leaf surface are poorly understood. Low vapor pressure deficit (VPD) has shown to reduce the nitrogen (N) status of plants. Thus, we studied the effects of elevated air humidity, indicated as VPD, and the effect of N fertilization on cuticular waxes and glandular trichome density in silver birch (Betula pendula Roth). Experiments were carried out in growth chambers with juvenile plants and in a long-term field experiment with older trees. Low VPD reduced the glandular trichome density in both experiments, in chamber and in field. The contents of the major triterpenoid and flavonoid aglycones correlated positively with glandular trichome density, which supports the role of trichomes in the exudation of secondary compounds to the leaf surface. A closer examination of the cuticular wax chemistry in the chamber experiment revealed that low VPD and N supply affected the composition of cuticular waxes, but not the total wax content. The deposition of different wax compounds followed a co-ordinated pattern in birch leaves, but different compound groups varied in their responses to N fertilization and low VPD. Low VPD reduced the hydrophobicity of cuticular waxes, as demonstrated by lower alkane content and less hydrophobic flavonoid profile in low VPD than in high VPD. Reduced hydrophobicity of the wax layer is presumed to increase leaf wettability. Together with reduced trichome density in low VPD it may enhance the susceptibility of trees to fungal pathogens and herbivores. High N supply under low VPD reduced the effect of low VPD on the cuticular wax composition. Total fatty acid content and the expression of β-amyrin synthase were lower under high N supply than under moderate N supply irrespective of VPD treatment. Nitrogen availability and decreasing VPD will modify leaf surface properties in silver birch and thereby affect tree defence against abiotic and biotic stress factors that emerge under climate change.
Introduction
The climate is predicted to become moister in northern Europe (IPCC 2013) , and thereby, air humidity is predicted to increase. High relative humidity (RH) reduces the evaporative demand by reducing vapor pressure deficit (VPD) between leaf and atmosphere. Under low VPD, plants transpire less, which can improve the water status of plants and reduce the demand for cuticular waxes. The cuticular wax layer acts as a barrier between leaf and the surrounding environment; it controls water loss and protects plants from UV radiation, air pollutants, pathogens and herbivores (Samuels et al. 2008) . Cuticular wax content often decreases in response to low VPD (Baker 1974 , Roberts and Zwiazek 2001 , Koch et al. 2006 and increases under drought stress (Prior et al. 1997 , Kim et al. 2007 , Le Provost et al. 2013 . Wax morphology and composition are affected by VPD, temperature and the water status of plants (Whitecross and Armstrong 1972 , Baker 1974 , Koch et al. 2006 , Kosma et al. 2009 ). However, the effects of VPD on wax composition appear to differ among plant species, since VPD affected the chemical composition of waxes in Brassica oleracea varieties (Baker 1974 , Koch et al. 2006 ), but not in Tropaeolum majus, Eucalyptus gunnii (Koch et al. 2006) or Citrus aurantium (Riederer and Schneider 1990) .
The cuticular wax layer is very hydrophobic and consists of very long chain fatty acids (VLCFAs, >18 carbons) and their derivatives, such as alkanes, primary and secondary alcohols, aldehydes, ketones and wax esters (Jetter et al. 2006, Buschhaus and Jetter 2011) . The chemical composition of cuticular waxes and the crystalline structure of the epicuticular wax layer vary widely between plant species, organs and ontogenic stages Ashworth 1999, Jeffree 2006) . Depending on the species, the wax layer can contain a broad range of cyclic secondary compounds and phenylpropanoid esters (Jetter et al. 2006, Buschhaus and Jetter 2011) . The epicuticular wax compounds form wax crystals (Jetter et al. 2006) , or as in silver birch (Betula pendula Roth) a wax film, on the leaf surface (Valkama et al. 2003 , Kardel et al. 2012 . Birch is the most important commercial broadleaved tree species in northern Europe. The cuticular wax layer of silver birch leaves consists of aliphatic hydrocarbons and cyclic secondary compounds, such as triterpenoid and flavonoid aglycones and sterols (Wollenweber 1975 , Pokhilo and Uvarova 1988 , Keinänen and Julkunen-Tiitto 1998 , Martemyanov et al. 2015 . Triterpenoids exhibit enormous structural variety and they can be broadly divided in groups based on their ring structures. Pentacyclic triterpenoids can occur in the leaves, but they are highly abundant in birch bark and twigs (Yin et al. 2015) . The typical constituents of bud and leaf surface extracts of birch species are tetracyclic dammarane and epoxydammarane triterpenoids (Pokhilo and Uvarova 1988 , Fuchino et al. 1996 , Zhang et al. 2003 , and the regulation of their production is poorly understood. Cuticular flavonoid aglycones show a high degree of methylation, which increases their hydrophobicity. The exudation of highly methylated flavonoids in response to high temperature and drought can protect against water loss (Chaves et al. 1997) .
Silver birch leaves are densely covered with glandular trichomes (Valkama et al. 2003) . Environmental factors, such as enhanced UV-B radiation (Barnes et al. 1996 , Kostina et al. 2001 , light conditions and water availability (Hogan et al. 1994 , Pérez-Estrada et al. 2000 affect trichome density. Glandular trichomes store and excrete lipophilic compounds to the leaf surface (Wollenweber and Dietz 1981 , Wagner 1991 , Fahn 2000 , therefore changes in trichome density may be followed by changes in the chemical composition of the cuticular wax layer. The glandular trichomes of silver birch have been characterized as peltate glands that have high metabolic activity in young leaves and declining in activity as the leaves expand (Valkama et al. 2004) . In mature leaves, glandular trichomes are assumed to act as storage compartments (Valkama et al. 2004 ). The metabolic pathways accounting for terpene biosynthesis in trichome cells have been characterized for example in peppermint, tomato and tobacco plants (Lange and Turner 2013) . Even though trichomes and their exudates play an important role in plant defence, the effects of environmental factors on their formation and metabolic activity are not well known. In addition, the regulation of the biosynthesis of different wax compounds and their transport to the leaf surface in response to environment is not fully understood (Bernard and Joubés 2013) .
Vapor pressure deficit is an important, but undervalued, climatic factor that affects the performance, nutrient status and foliar metabolism of trees (Lihavainen et al. 2016a , 2016b , Sellin et al. 2016 . Low VPD caused a shift in primary foliar metabolites in juvenile birch plants and in older birch trees, indicating changes in their carbon and nitrogen (N) status (Lihavainen et al. 2016a (Lihavainen et al. , 2016b . In the juvenile birch plants, biomass production and foliar starch were higher, and N concentration was lower in low VPD than in high VPD (Lihavainen et al. 2016a ). The effects of N fertilization on wax content and composition have been scarcely studied, and the combined effects of VPD and N supply on wax content and the chemical composition of cuticular wax layer have not been studied before. Low N supply increased wax content in longleaf pine (Pinus palustris) needles (Prior et al. 1997) . In birch leaves, low N supply affected lipid metabolism by increasing primary alcohol content and by decreasing alkane content (Huang et al. 1999) . The induction of genes in the phenylpropanoid pathway and subsequent increase in flavonoid content in response to low N supply is well documented (Dixon and Paiva 1995 , Koricheva et al. 1998 , Fritz et al. 2006 , Lillo et al. 2008 , but the effect of N availability on triterpenoid production has been inconsistent (Koricheva et al. 1998) . Often triterpenoids are quantified as total content, rather than as individual compounds. However, the levels of individual pentacyclic triterpenoids and the expression of genes related to their biosynthesis have shown variable responses to drought, N fertilization and phytohormone treatments (Moses et al. 2015 , Yin et al. 2015 . Since triterpenoids are derived through different enzymatic reactions, their responses to low VPD and subsequently reduced N status are expected to differ between individual compounds and structural groups.
The aim of this study was to investigate how low VPD affects the leaf surface properties in silver birch. The effect of low VPD on the density of glandular trichomes was studied in a 26-day growth chamber experiment with juvenile birch and in a long-term Free Air Humidity Manipulation (FAHM) field experiment with older birch trees. The levels of the major flavonoid and triterpenoid aglycones in silver birch leaves were lower under decreased VPD than under ambient VPD in the Tree Physiology Online at http://www.treephys.oxfordjournals.org field (Lihavainen et al. 2016b, see Supplementary Data) . Combined effects of low VPD and N supply on wax content, the chemical composition of cuticular waxes and the expression of genes related to terpenoid biosynthesis were studied in the chamber experiment with juvenile birch plants. We hypothesized (i) the density of glandular trichomes, (ii) the total wax content, (iii) and the contents of surface triterpenoids and flavonoids to be lower in low VPD than in high VPD, (iv) the correlation between glandular trichome density and the contents of surface triterpenoids and flavonoids to be positive, (v) alkane content to be higher and (vi) primary alcohol content to be lower in high N supply than in moderate N supply.
Materials and methods

Plant material and experimental design
Plant material and design for the growth chamber experiment are described in more detail in Lihavainen et al. (2016a) . Sixmonth-old clonal silver birches (B. pendula Roth) were grown in growth chambers under two VPD levels (0.09-0.14 kPa, RH 60%; and 0.73-1.12 kPa, RH 95%) with two levels of N fertilization (moderate N: 15 mg of N per week; high N: 30 mg of N per week) for 26 days. Temperature was 23°C during the light (22 h) and 16°C during the dark (2 h) period. The light intensity was 450 μmol m −2 s −1 . There were four treatments: high VPD with moderate N supply (high VPD), high VPD with high N supply (high VPD + N), low VPD with moderate N supply (low VPD) and low VPD with high N supply (low VPD + N). The detailed description of plant material and experimental design for field experiment is reported in Lihavainen et al. (2016b) . The FAHM field experiment was established in 2006-07 in Järvselja Experimental Forest district in south-eastern Estonia (58°14′N, 27°18′E). The experimental site comprised three control plots (ambient VPD) and three humidified plots (decreased VPD), where RH was elevated as a long-term average 7-8% above the ambient level by a misting system (Kupper et al. 2011 , Tullus et al. 2012 . Birch leaves were sampled during the fourth season of humidity manipulation in June 2011 (misting started in 2008) . See detailed description of the FAHM experiment and the misting system in Kupper et al. (2011) and Tullus et al. (2012) .
Leaf area and glandular trichome density
Leaf area (cm 2 ) was determined with LAMINA software (Bylesjö et al. 2008) . The glandular trichome density of the leaves was studied with a light microscope from nail polish imprints, from dry and pressed leaves. In the chamber experiment, imprints were produced from 12 plants from each treatment for one fully expanded leaf that developed during the experiment. In the field experiment, the imprints were produced for three leaves from 15 to 17 trees grown under decreased VPD or under ambient VPD.
Imprints were produced for the upper (adaxial) and lower (abaxial) sides of the leaves. They were taken between the midribs at the widest part of the leaf and one photograph was taken from one imprint at 5× magnification. The photographs were calibrated against a micrometer slide. Two types of glandular trichomes, colorless and colored ones, were observed and their adundances were determined separately ( Figure 1A) . Glandular trichome density (number of trichomes mm −2 ) was calculated with ImageJ software (version 1.48).
Sampling and extraction of cuticular waxes
Wax content and composition were studied from plants grown in growth chambers under two levels of VPD and with two levels of N fertilization. One fully expanded leaf that was developed during the experiment was sampled for the wax analysis from 9 to 10 plants from each treatment. Waxes were extracted by submerging the leaf in 10 ml of dichloromethane (Sigma, Germany) for 20 s in a decanter glass. Extract was transferred to a test tube. The decanter glass was washed twice with 1 ml of dichloromethane, which was transferred to a test tube. The extracts were dried in a vacuum, weighed, degassed with N and stored at −70°C. Prior to chemical analyses, the extracts were redissolved in 5 ml of dichloromethane containing three internal standards: biochanin A (Extrasynthese, France), lupeol (Sigma) and triacontane-d 62 (Campro Scientific, Germany) . Aliquots of 100 μl were transferred to vials and dried in a vacuum, degassed with N and stored at −70°C. Quality control (QC) samples were prepared by combining part of the extracts from 12 plants belonging to different VPD and N treatments. The QC samples were included in the sample sets each day of chemical analyses.
Analysis of soluble hydrocarbons by gas chromatographymass spectrometry
Samples were allowed to reach room temperature before they were redissolved in 50 μl of hexane (Sigma). Alkanes, aldehydes and wax esters were analyzed from underivatized samples (n = 9-10). Free fatty acids and primary alcohols were analyzed from silylated samples (n = 5). Samples were silylated with 50 μl of MSTFA + 1% TMCS [N-methyl-N-(trimethylsilyl)trifluoroacetamide, trimethylchlorosilane, Thermo Scientific, USA] for 2 h at 60°C at 200 rpm. Alkane series (C10-C40, Supelco, USA) in hexane was included as an external retention index standard.
The gas chromatography-mass spectrometry (GC-MS) system consisted of the Agilent 6890 N gas chromatograph system, mass spectrometer (5973 N), autosampler (7683) and injector (7983) (Agilent Technologies, Palo Alto, CA, USA). Split injection (1 μl) was used with a split ratio of 1:20 with a split precision liner (Restek, USA). The column was 30 m Rxi-5Sil MS, 0.25 mm ID, 0.25 μm df with 10 m Integra-Guard (Restek). The injection temperature was set to 290°C, MSD interface 290°C, MS source 230°C and MS quad 150°C. Helium (1.3 ml min −1 ) was used as a carrier gas. The oven temperature program was as follows: 2 min at 60°C, followed by 30°C min −1 ramp to 250°C, and 4°C min −1 ramp to 330°C, 25 min at 330°C and post-run at 60°C for 6 min. Mass spectra were collected with a scanning range of 55-650 m/z (2.46 scans per second). Deconvolution, component detection and quantification were conducted with Metabolite Detector (version 2.06 beta, 2.2.N) (Hiller et al. 2009 ). The concentrations of GC-MS compounds are expressed as arbitrary units, calculated as metabolite peak area normalized by the peak area of the internal standard, triacontane-d 62 , and the leaf surface area (twice the leaf area; cm 2 ). Compounds were annotated by spectral data and retention index, which were compared with NIST Mass Spectral Database (version 2.2, Agilent Technologies), Golm Metabolome Database (GMD) (Schauer et al. 2005 , Hummel et al. 2007 ) and available standard compounds. Relative abundances (%) of triterpenoids, flavonoids and hydrocarbons in the wax extracts were estimated based on the total ion chromatograms of QC samples. Average chain length (ACL), odd-over-even predominance (OEP), carbon preference index (CPI) and compound ratios are commonly used to describe hydrocarbon distributions (Bush and McInerney 2013, Kirkels et al. 2013 ). Average chain length was defined as ACL = Σ(C n × n)/Σ(C n ), where C n is the concentration of compound and n is the number of carbon atoms. Odd-over-even predominance was defined for alkanes as OEP = Σ odd (C 23−35 )/Σ even (C 22−34 ). Carbon preference index for alkanes was defined as CPI = [Σ odd (C 23−33 ) + Σ odd (C 25−35 )]/ [2Σ even (C 22−34 ) ]. The list of compounds detected by GC-MS and annotation details are shown in Supplementary Table S1 available as Supplementary Data at Tree Physiology Online.
Analysis of triterpenoid and flavonoid aglycones by UHPLC-CAD/MS
Samples were allowed to reach room temperature before they were redissolved in 100 μl of acetonitrile (Merck, Germany). UHPLC (ultra high performance liquid chromatography) system (Dionex UltiMate 3000 RS, Thermo Scientific, USA) with two pumps was connected to charged aerosol detector (CAD, Corona ultra, ESA, Thermo Scientific) and LTQ mass spectrometer (Thermo Scientific). Injection volume was 5 μl and column oven temperature was 60°C. A precolumn (SecurityGuard TM cardridge C18, Phenomenex, USA) and three Aeris Peptide columns (XB-C18, 2.1 mm ID × 250 mm, particle size 3.6 μm, Phenomenex) were connected in series. Mobile phases consisted of water with 0.05% formic acid (Sigma) and acetonitrile. Mobile phase composition in the detectors was maintained constant at 50% acetonitrile with an inverse gradient system. Gradient flow (0.5 ml min
) through the columns was as follows: from 20% to 50% of acetonitrile in 6 min, increasing to 70% at 20 min, reaching 100% acetonitrile at 48 min and maintaining it for 12 min. The other pump employed the inverse ) were determined separately. Data are represented as mean ± SE. (B) The main effects of VPD and N treatments and their interaction (VPD × N) were tested with two-way ANOVA, **P < 0.01, *P < 0.05; n = 12-13. (C) The effect of VPD was tested with nested ANOVA, experimental plot as a random factor nested within treatment (fixed factor), **P < 0.01, *P < 0.05, n = 15-17.
Tree Physiology Online at http://www.treephys.oxfordjournals.org gradient (0.5 ml min −1 ) with 2.85 min time compensation. The total flow of 1 ml min −1 was divided between CAD and MS in 4:1 ratio. Compounds were quantified with XCalibur software (Thermo Scientific). Compounds were quantified using CAD signal with the genesis algorithm and some of the compounds were quantified with MS with the ICIS algorithm. Standard curves were produced for betulinic acid (mw 456.7 g mol −1
, Extrasynthese) and fisetin (mw 286.2 g mol −1 , Extrasynthese) from the CAD signal to determine the molar contents of triterpenoids and flavonoids on the basis of leaf surface area. Peak area was normalized by the peak area of the internal standard, lupeol (triterpenoids) or biochanin A (flavonoids), and the leaf surface area (twice the leaf area; cm 2 
Gene expression analysis by quantitative real-time PCR
RNA extraction and RT-PCR analysis were performed as described in Lihavainen et al. (2016a) . The RNA extractions of four plants per chamber (two replicates) were pooled for RT-PCR analysis. Primers for squalene synthase (SS) and squalene epoxidase (SE) were designed from Betula pendula expressed sequence tags (ESTs). Primers for cycloartenol synthase (CAS), lupeol synthase (LUS) and β-amyrin synthase (β-AS) were designed from B. pendula ESTs with a high homology to Betula platyphylla genes (AB055510, AB055511 and AB055512) with 96%, 99% and 96% identities, respectively. Primers for the reference gene, Elongation factor 1-α, were designed from EST with a homology to Arabidopsis EF1α (AT1G07920). The primers used in this study are given in Supplementary Table S3 available as Supplementary Data at Tree Physiology Online. Fold-change in gene expression was calculated using the comparative Ct method (2 −ΔΔCt ) (Livak and Schmittgen 2001) using EF-1α as a reference gene. The melting curve of the reference and target genes showed a single peak indicating that a single PCR product was present in each reaction. PCR efficiencies were measured for each primer pair used, and were generally between 1.890 (LUS) -2.031 (Ef-1α), slopes ranging from −3.250 to −3.617. Only SE showed less than optimal amplification (efficiency 2.164, slope −2.984), but was still considered sufficient for analysis.
Data processing and statistics
Significant differences in the means of leaf area, wax content, glandular trichome density, distribution parameters and content of wax compounds in VPD and N treatments, and VPD × N interaction effects were tested with two-way ANOVA (chamber data) or with nested ANOVA (field data) (IBM SPSS Statistics 21). In nested ANOVA model, experimental plot was a random factor nested within VPD treatment (fixed factor). Relationships between wax compounds, glandular trichome density and leaf area were determined by the means of correlation analysis (Pearson correlation, SPSS). Significant differences between the regression lines in VPD treatments were tested with nested ANCOVA model (SPSS).
Results
Glandular trichome density, leaf area and wax content
The total density of glandular trichomes (colorless and colored, adaxial and abaxial combined) was reduced by low VPD in chamber (two-way ANOVA, P = 0.047) and in field (nested ANOVA, P = 0.047) experiments ( Figure 1B and C) . The density of colorless glandular trichomes was reduced by low VPD on the abaxial surface in both experiments (Figure 1B and C) . In the chamber experiment, low VPD did not affect the density of adaxial trichomes ( Figure 1B ), but in the field experiment, the density of adaxial trichomes, especially the colored ones, was reduced by decreased VPD ( Figure 1C ). Vapor pressure deficit and N treatments did not affect leaf area or wax content per leaf area in chamber experiment (Figure 2 ).
Correlation of leaf traits and wax components
Glandular trichome density correlated negatively with leaf area in the chamber (Pearson r = −0.447, P = 0.009) and in the field (Figure 3 ). In the field, regression between glandular trichome density and leaf area was marginally different between decreased VPD and ambient VPD (ANCOVA, P = 0.058) ( Figure 3B ). The content of the major triterpenoid aglycone, 12-O-acetyl-3-O-malonylbetulafolienetriol, correlated positively with total glandular trichome density in the chamber (r = 0.534, P = 0.001) and in the field (r = 0.597, P < 0.001) experiments ( Figure 4A and C) . The content of the major flavonoid aglycone, tetrahydroxyflavone dimethyl ether, correlated positively with total glandular trichome density in the chamber (r = 0.493, P = 0.004) and in the field (r = 0.516, P = 0.008) experiments ( Figure 4B and D) . Other individual compounds that showed significant positive correlations with glandular trichome density in the chamber experiment were F5, T8, T15, T16 and T23. However, the correlation between glandular trichome density and total triterpenoid content (r = 0.306, P = 0.061) and total flavonoid content (r = 0.309, P = 0.065) remained marginal. In the chamber experiment, total flavonoid content correlated negatively with leaf area (r = −0.434, P = 0.005).
In the chamber experiment, total wax content correlated positively with total triterpenoid content (r = 0.321, P = 0.043) and with total alkane content (r = 0.395, P = 0.012). Total triterpenoid content and total flavonoid content correlated positively with each other (r = 0.474, P = 0.002). Wax ester content correlated positively with aldehyde content (r = 0.680, P < 0.001) and flavonoid content (r = 0.399, P = 0.036). In hierarchical cluster analysis (HCA), triterpenoids grouped into five clusters and flavonoids into three clusters (see Supplementary Table S2 available as Supplementary Data at Tree Physiology Online). The HCA and correlation analysis of triterpenoid data revealed compound pairs that showed similar fragmentation patterns and are thus presumed to be chemically related (see Supplementary  Table S2 available as Supplementary Data at Tree Physiology Online). In the field experiment, there was a positive correlation between the contents of the major triterpenoid and flavonoid aglycones (r = 0.481, P = 0.015).
The chemical composition of leaf wax extracts in juvenile birch plants
The leaf surface extracts of juvenile birch plants were dominated by dammarane and epoxydammarane triterpenoid aglycones, comprising~80% of cuticular waxes; 12% of waxes comprised of flavonoid aglycones and 8% of aliphatic hydrocarbons (estimations are based on GC-MS analyses). A total of 29 triterpenoid peaks (one of them consisted of two triterpenoids) and 12 flavonoid peaks (one of them consisted of two flavonoids) was detected from the leaf surface extracts of silver birch by UHPLC-CAD/MS (Table 1) . The most abundant triterpenoids were 12-O-acetyl-3-Omalonylbetulafolienetriol (T19) and its oxide, papyriferic acid (T11) (12-O-acetyl-3-O-malonylbetulafolienetriol oxide) comprising~75% of triterpenoid fraction (Table 1, see Supplementary  Table S2 available as Supplementary Data at Tree Physiology Online). The major flavonoid aglycone was annotated as tetrahydroxyflavone dimethyl ether (F11) ( Table 1, see Supplementary  Table S2 available as Supplementary Data at Tree Physiology Online). The contents of the major triterpenoid aglycone, 12-Oacetyl-3-O-malonylbetulafolienetriol, and the major flavonoid aglycone, tetrahydroxyflavone dimethyl ether, have been previously detected by GC-MS from the field samples and reported in Lihavainen et al. (2016b, Supplementary Data; Triterpenoid_3 and 3118_443_flavonoid aglycone) .
Alkanes (C 23 -C 35 ), unsaturated wax esters (C 38 -C 44 , trace of C 46 ), aldehydes (C 26 -C 30 ), fatty acids (C 16 -C 30 ) and primary alcohols (C 16 -C 30 ) were detected from the leaf surface extracts of juvenile birch plants with GC-MS analyses (see Supplementary  Table S1 available as Supplementary Data at Tree Physiology Online). Alkanes with an odd number of carbon atoms were more abundant than alkanes with an even number of carbon atoms, as seen as high OEP and CPI values (Table 2) . Aldehydes, wax Tree Physiology Online at http://www.treephys.oxfordjournals.org esters, fatty acids and primary alcohols had even numbers of carbon atoms (Table 2) . Average chain lengths of alkanes, wax esters and fatty acids were not affected by VPD or N treatments, but the ACL of primary alcohols (C 16 -C 30 ) displayed a shift towards higher chain length in low VPD ( Table 2 ). The ratio of 16:0/18:0 primary alcohols was lower in high N supply than in moderate N supply ( Table 2) .
Effects of VPD and N supply on the composition of wax layer
Total triterpenoid content and total flavonoid content were not affected by VPD or N treatments in the chamber experiment ( Figure 5 ), but the levels of individual compounds showed variable responses to VPD and N supply ( Table 1 ). The content of one late-eluting (highly hydrophobic) triterpenoid (T29) was lower in low VPD than in high VPD (Table 1) . Papyriferic acid (epoxydammarane) had the highest content in low VPD samples with moderate N supply being~70% higher than in high VPD samples with the same N supply. The contents of five unidentified triterpenoids (T9, T15, T17, T18 and T20) were higher in high N supply than in moderate N supply (Table 1) . Naringenin (trihydroxyflavanone) content was higher, and the content of late-eluting (highly hydrophobic) pentahydroxyflavone trimethyl ether 2 was lower, in low VPD than in high VPD (Table 1 ). In the field study, the contents of the major triterpenoid and flavonoid aglycones were lower under decreased VPD than under ambient VPD (Lihavainen et al. 2016b ).
In the chamber experiment, low VPD reduced total alkane content and the levels of n-tricosane (C 23 ), n-pentacosane (C 25 ), n-nonacosane (C 29 ), n-hentriacontane (C 31 ) and n-tritriacontane (C 33 ) regardless of N supply (Figures 5 and 6A ). The levels of n-tricosane (C 23 ) and n-pentacosane (C 25 ) were higher in high N supply than in moderate N supply ( Figure 6A ). Fatty acid content was lower in high N supply than in moderate N supply ( Figure 5 ). The levels of VLCFAs, C 28 (−27%) and C 30 (−51%) showed stronger decline by high N supply than the levels of C 16 (−14%) and C 18 (−22%) fatty acids ( Figure 6D ). ), n = 8-9. In the field data (C, D), content is represented as arbitrary units based on the fresh weight of leaf discs (1 cm ø), n = 15-17.
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The contents of wax esters, aldehydes and primary alcohols were not significantly affected by VPD or N treatments (Figures 5 and 6B, C and E). However, the lowest wax ester content and total hydrocarbon content were found in low VPD samples with moderate N supply ( Figure 5 ). The octadecanol (C 18 ) level was lower in high N supply than in moderate N supply ( Figure 6E) , and a VPD × N interaction effect was observed for docosanol (C 22 ) ( Figure 6E ). Overall, high N supply under low VPD diminished the effect of low VPD on the wax compounds (Table 1 ; Figures 5 and 6 ). The main effects of VPD and N treatments and their interaction (VPD × N) were tested with two-way ANOVA, **P < 0.01, *P < 0.05, n = 7-10.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 5 . The contents of triterpenoid aglycones, flavonoid aglycones, aliphatic hydrocarbons, alkanes, wax esters, aldehydes, fatty acids and primary alcohols in the chamber experiment. The main effects of VPD and N treatments and their interaction (VPD × N) were tested with two-way ANOVA, *P < 0.05. Data are represented as mean ± SE, n = 5-10. The main effects of VPD and N treatments and their interaction (VPD × N) were tested with two-way ANOVA, **P < 0.01, *P < 0.05. NS, non-significant. Data are represented as mean, n = 9-10.
Gene expression analysis showed a high variation between two pooled samples of low VPD treatment with moderate N supply (Figure 7 ). The expression of LUS tended to be higher in low VPD than in high VPD (t-test, P = 0.063). The expression of β-AS was lower in high N supply than in moderate N supply (t-test, P = 0.034) (Figure 7 ).
Discussion
Low VPD reduces the density of glandular trichomes
In line with our hypothesis, low VPD reduced the glandular trichome density in juvenile birch plants in the growth chamber and in older birch trees in field conditions. This agrees with studies by Shibuya et al. (2009 Shibuya et al. ( , 2016 reporting lower trichome density in low VPD than in high VPD in the leaves of cucumber plants (Cucumis sativus). The density of glandular trichomes decreases as leaves expand (Valkama et al. 2004) , as was seen also in this study. Glandular trichome density correlated negatively with leaf area, however the increase in leaf area could not alone explain the reduced number of glandular trichomes under decreased VPD in field conditions. Even though the VPD treatment was less intensive in the field than in the chamber experiment, the long-term decrease in VPD in field conditions affected the formation of glandular trichomes more than the short-term low VPD did in the growth chambers. Defoliation treatment during the previous summer increased the glandular trichome density in silver birch leaves on the following summer (Valkama et al. 2005) . Trichomes are formed at the early stages of leaf development (Valkama et al. 2004) , and thus the VPD conditions of previous years may explain the stronger response of decreased VPD on the formation of glandular trichomes in the field experiment.
Studies have suggested that the production of terpenoids and flavonoids is co-ordinated in the trichome cells (Bedon et al. 2010 , Kang et al. 2014 . Our results support that glandular trichomes would be associated with the production of surface triterpenoids and flavonoids, as there was a positive correlation between glandular trichome density and the contents of the major triterpenoid and flavonoid aglycones. A positive correlation between the contents of surface flavonoids and glandular trichome density has been previously reported in silver birch (Valkama et al. 2005) . The accumulation of flavonoids in glandular trichomes has been confirmed in other plant species (Wollenweber et al. 1992 , Bosabalidis et al. 1998 , Roda et al. 2003 . In Artemisia annua, glandular trichomes produce terpenoids, including triterpenoids (Moses et al. 2015) . However, it is not known if triterpenoids and flavonoids can be produced in the epidermal cells and transported to the leaf surface in silver birch. In the leaf wax of Arabidopsis thaliana, triterpenoids are typically absent, but when LUP4 was overexpressed, β-amyrin accumulated in the intracuticular wax layer (Buschhaus and Jetter 2012) .
The transformation was performed on a gl1 mutant that does not have trichomes (Buschhaus and Jetter 2012) and implies that trichomes are not essential for triterpenoid accumulation in the wax layer. On the leaf surface of Prunus laurocerasus, Ligustrum vulgare and Rosa canina, triterpenoids are localized mainly in the intracuticular wax layer (Jetter et al. 2000 , Buschhaus et al. 2007a , 2007b . The localization of triterpenoid and flavonoid aglycones on the silver birch leaf surface remains to be verified.
Contrary to our hypothesis, the total contents of triterpenoid and flavonoid aglycones were not affected by low VPD in the chamber experiment, although the glandular trichome density was reduced. This suggests that besides trichome abundance, other processes contribute to the content of cuticular secondary compounds in juvenile birch plants. No correlation was found between the number of glandular trichomes and the content of trichome exudates, acyl sugar esters, in Datura wrightii leaves (Forkner and Hare 2000) . The colorless and colored trichomes on birch leaf surface may contain different compounds, which could account for their difference in color. Alternatively, the color in the glandular trichomes may be due to the active exudation of compounds to the subcuticular space between the secretory cells and the epicuticular wax film, and thus the colorless ones would display a post-secretory phase. The effects of low VPD varied between colorless and colored trichomes indicating that low VPD may affect either the exudate composition or the metabolic activity of glandular trichomes.
The effects of low VPD varied also between adaxial and abaxial surfaces. It has been reported that trichomes on the adaxial and abaxial sides of the same leaf show different wettability and water retention characteristics Smith 1994, Fernández et al. 2014) . Whereas the density of adaxial trichomes was reduced, the density of abaxial trichomes was increased by UV-B exposure in tobacco leaves (Barnes et al. 1996) . Our results provide a further line of evidence that the responses of trichomes to environmental factors differ between the sides of the same leaf, emphasizing the different functionality of adaxial and abaxial leaf surfaces.
Many studies have shown that glandular trichomes and their exudates are linked to defence against herbivores and fungal pathogens (Dalin et al. 2008) . Cucumber plants were more susceptible to white flies (Bemisia tabaci) when they were grown under low VPD and the trichome density of their leaves was reduced (Shibuya et al. 2009 ). In silver birch, glandular trichome density correlated negatively with rust infections (Valkama et al. 2005 ). In the FAHM field experiment, fungal damages were more frequent under decreased VPD than under ambient VPD in silver birch (Sellin et al. 2016 ). This study showed that during the fourth season of humidity manipulation in the FAHM field the glandular trichome density of silver birch leaves was lower under decreased VPD than under ambient VPD. Lower glandular trichome density and lower levels of the major triterpenoid and flavonoid aglycones under decreased VPD than under ambient VPD (Lihavainen et al. 2016b) can result in increased susceptibility to fungal pathogens.
Low VPD and N supply modify the composition of cuticular waxes, but not the wax content Low VPD and high N supply affected the composition of cuticular wax layer in juvenile silver birch plants. Contrary to our hypothesis, the decline in the wax content by low VPD was nonsignificant. The decline in wax content in response to low VPD has been pronounced between dry air (20-30% RH) and very moist air (80-98% RH) (Roberts and Zwiazek 2001, Koch et al. 2006) . The decline in wax content and the changes in the wax composition in response to low VPD were strong in B. oleracea, whose waxes are predominated by alkanes (Koch et al. 2006) . However, cuticular wax composition did not change significantly in response to low VPD in E. gunnii, whose waxes are predominated by diketones and triterpenoids (Koch et al. 2006) . The wax layer of silver birch leaves was dominated by triterpenoids and mainly the content of alkanes was reduced under low VPD. This implies that the effect of VPD on total wax content and wax composition depends on the chemical structure of the wax layer of a particular plant species.
Our previous study with these same plants showed that leaf N concentration was lower in low VPD than in high VPD (Lihavainen et al. 2016a) . Whereas low VPD often reduces the wax content (Baker 1974 , Roberts and Zwiazek 2001 , Koch et al. 2006 , low N has been shown to increase it (Prior et al. 1997) . Moreover, growth under elevated atmospheric CO 2 concentration increased wax content in P. palustris needles, although N supply was low (Prior et al. 1997) . Thus, the production of surface waxes appears to be regulated in response to changes in the evaporative demand and carbon and N status of plants. The contrasting effects of low VPD and low leaf N, the high abundance of triterpenoids in the birch leaf surface and the humidity levels used in the experiment may explain why the total wax content did not change significantly in response to low VPD. Positive relationships were observed between triterpenoids, flavonoids and hydrocarbons indicating their co-ordinated production or deposition to the leaf surface. It has been suggested that wax components are transported to the leaf surface via water flux (Neinhuis et al. 2001) . Cuticular transpiration depends on VPD (van Gardingen and Grace 1992, Kerstiens 1996 ), but it is not known if reduced cuticular transpiration under low VPD affects wax diffusion or the accumulation of waxes to the leaf surface (Koch et al. 2006) . Our results do not support the view that low VPD would restrict the overall wax deposition to the leaf surface.
Low VPD caused a shift towards less hydrophobic cuticular composition, especially under moderate N availability. This was demonstrated by low alkane content and a less hydrophobic flavonoid profile in low VPD irrespective of N availability. In addition, wax ester content was low in low VPD with moderate N supply. The high polarity and low hydrophobicity of surface compounds increase leaf surface wettability (Holloway 1969) . The hydrophobicity of leaf surface and trichome cover are decisive factors as regards droplet formation and water shedding from the leaves (Brewer et al. 1991, Brewer and . Leaf wettability is a critical trait, especially under low VPD, which creates favorable conditions for spore germination and pathogen attacks. Low VPD increased leaf wettability in B. oleracea, T. majus and E. gunnii without causing major changes in cuticular chemistry (Koch et al. 2006) . Leaf wettability was more related to the chemical characteristics of wax layer and trichome density than to total wax content in tobacco (Nicotiana tabacum) leaves (Barnes et al. 1996) . In this study, low levels of highly hydrophobic wax constituents and reduced glandular trichome density under low VPD are presumed to reduce cuticular hydrophobicity, and consequently to increase leaf wettability.
Growth under low VPD increased cuticular permeability to water vapor in isolated cuticular membranes of Hedera helix Figure 7 . Relative expression of squalene synthase (SS), squalene epoxidase (SE), cycloartenol synthase (CAS), lupeol synthase (LUS) and β-amyrin synthase (β-AS) as affected by VPD and N supply. Ef-1α was used as a reference gene. The effects of VPD and N treatments were tested with t-test, *P < 0.05. Data are represented as mean ± SE of two pooled samples (four plants from each of the replicate growth chambers were pooled), n = 2.
Tree Physiology Online at http://www.treephys.oxfordjournals.org and Zamioculcas zamiifolia (Karbulcová et al. 2008 ), but not in C. aurantium (Geyer and Schönherr 1990) . Low VPD has been found to increase leaf permeability to foliar-applied urea (Orbovic et al. 2001) . Relationship between cuticular composition and cuticular permeability has recently been reviewed, but a clear structure-function relationship was not found (Fernández et al. 2016) . However, it is clear that cuticular barrier properties depend more on the chemical composition and crystalline structure of cuticular layer than on cuticular thickness or wax content (Riederer and Schreiber 2001) . The changes in cuticular chemistry can affect the fine structure of the cuticular layer, cuticular permeability to water vapor and thus the ability of plants to control non-stomatal water loss. The reduced hydrophobicity of cuticular wax compounds under low VPD that we found probably increases cuticular permeability to water vapor. However, cuticular conductance of birch leaves is very low,~100-500 times lower than stomatal conductance (Kull and Moldau 1994) . Thus, the changes in cuticular resistance would affect transpiration mainly in the case of extreme drought.
Contrary to our hypothesis, the total contents of triterpenoid and flavonoid aglycones were not affected by low VPD in the chamber experiment. However, different structural groups and branches of the triterpenoid pathway varied in their responses to low VPD and N availability. Vapor pressure deficit and N treatments did not affect the expressions of genes participating in the production and oxidation of squalene (SS, SE) or in the sterol biosynthesis (CAS), but the expression of genes related to the biosynthesis of pentacyclic triterpenoids was affected. Pentacyclic triterpenoids have displayed different responses to N availability; while oleanolic acid increased, betulin decreased with low N availability in the leaves of B. platyphylla (Yin et al. 2015) . Accordingly, the expression of β-amyrin synthase (β-AS/BPY), which is involved in oleanolic acid biosynthesis, was up-regulated in the leaves in response to low N supply (Yin et al. 2015) . Our results are in agreement with the study by Yin et al. (2015) , as the expression of β-AS was higher in moderate N supply than in high N supply. In this study, the expression pattern of β-AS seemed to depend more on the N supply than on the N concentration of plant tissues, which was lower in low VPD than in high VPD irrespective of N treatment (Lihavainen et al. 2016a) .
The high content of papyriferic acid in the leaves under low VPD, particularly under moderate N supply, implies that the production of epoxydammaranes can be affected by environmental factors. Oxidation by P450s and by other oxidases has been proposed to account for the biosynthesis of epoxydammarane triterpenoids (Harrison 1990 , Shan et al. 2005 . One of the proposed mechanisms of epoxydammarane synthesis in yeast involves the cyclization of dioxidosqualene by Arabidopsis lupeol synthase (LUP1) (Shan et al. 2005) . Here, the expression of LUS tended to be higher in low VPD than in high VPD samples, but whether this gene accounts for epoxydammarane synthesis in higher plants remains to be verified.
In addition, high air humidity may directly influence the rate of oxidation of leaf surface compounds. It is not known how the oxidation of 12-O-acetyl-3-O-malonylbetulafolienetriol to papyriferic acid affects its biochemical activity, but the oxidation of phenolics have shown to enhance their activity against herbivores (Appel 1993) . In the birch twigs, a high content of papyriferic acid has been shown to restrict feeding by mammalian herbivores (Reichardt et al. 1984 , Tahvanainen et al. 1991 .
Vapor pressure deficit and N supply affect the composition of aliphatic hydrocarbons
The changes in the levels of hydrocarbons in response to low VPD can be related to their biosynthesis. The first step in wax biosynthesis involves the formation of malonyl-CoA from acetylCoA by acetyl-CoA carboxylase (reviewed in Kunst and Samuels 2009) . Fatty acid synthase (FAS) catalyses the synthesis of C 16 and C 18 fatty acids by extending acyl chain (derived from malonyl-CoA) by C 2 units. Very long chain fatty acids (VLCFAs) are synthetized by the fatty acid elongase complex (FAE) and they are precursors to other long chain hydrocarbons. These VLCFAs are reduced to aldehydes (C 2n ), which can go through either acyl reduction forming primary alcohols (C 2n ) or through decarbonylation to form alkanes (C 2n−1 ).
In this study, the higher chain length distribution of primary alcohols in low VPD than in high VPD may relate to the production of primary alcohols instead of alkanes. Lower alkane content under low VPD than under high VPD suggest lower activity of decarbonylative pathway, in line with earlier study with B. oleracea (Koch et al. 2006) . In low VPD, the preference for acyl reduction pathway may also result from the reduced N concentration of leaves (Lihavainen et al. 2016a ). Huang et al. (1999) observed that low N supply increased primary alcohol content and decreased alkane content in silver birch leaves.
Nitrogen availability affected the composition of hydrocarbons, although not exactly as was hypothesized. Total alkane content was not affected by N supply, but the levels of shorter alkanes were higher in high N supply than in moderate N supply. Primary alcohol content declined by high N supply under high VPD, but not under low VPD. Fatty acid content, on the other hand, was reduced by high N supply irrespective of VPD treatment. The high levels of shorter alkanes (C 22 -C 27 ), high 16:0/18:0 ratio of primary alcohols and the decline in the levels of VLCFA (C 28 -C 30 ) in response to high N supply suggest that N availability affects the elongation processes of lipids. The same was suggested by Huang et al. (1999) reporting reduced elongation of C 16 fatty acids and shorter chain length of acyl lipids in high N supply than in low N supply. High N supply under low VPD diminished the effect of low VPD on the wax layer chemistry and on the primary metabolite profile (Lihavainen et al. 2016a ). These results indicate that metabolite responses to VPD can be modified by N fertilization, and plant responses to N fertilization by VPD.
Conclusion
This study showed that leaf surface properties of silver birch are affected by low VPD in juvenile birch plants in growth chambers and in older birch trees in field conditions. In juvenile plants, total wax content did not change, but there was a shift towards less hydrophobic wax composition under low VPD. Our study provided new evidence about the effects of VPD condition and N availability on the composition of leaf surface waxes, especially on triterpenoid and flavonoid aglycone profiles. Reduced glandular trichome density and changes in the cuticular wax layer composition in response to low VPD are likely to modify leaf wettability, cuticular permeability and plant resistance to pathogens and herbivores. Optimal VPD levels should be considered in the plant cultivation practices, since the changes in the leaf surface properties can affect responses to foliar spray applications, such as herbicides and fertilizers and the potential of saplings to overcome post-planting stress.
Results suggested that glandular trichomes account for the production of surface triterpenoids and flavonoids in silver birch leaves. Responses of glandular trichomes to low VPD varied based on leaf side and trichome types, implying specific functions of adaxial and abaxial trichomes, and the influence of environmental factors on their exudate composition or metabolic activity. The long-term field experiment revealed that the reduced levels of the major triterpenoid and flavonoid aglycones under decreased VPD were associated with reduced glandular trichome density. Decreasing VPD due to climate change can have farreaching consequences on tree resistance to various environmental factors through altered leaf surface characteristics.
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